1. Ciliary activity is significantly influenced by chemical and physical properties of the liquid medium in which the cilia beat.
Introduction
It is generally accepted that in the respiratory tract most of the cilia shafts are bathed in a periciliary fluid creating an interphase between the mucosa and the mucous blanket. Whereas the composition and origin of this fluid is not known, some of its physical properties might be inferred from experimental studies of ciliary performance, since ciliary activity depends greatly on the properties of the surrounding medium, principally its pH, ionic strength and viscosity. Previous studies indicate that the pH of normal human airway mucus in situ ranges from 6-5 to 7.5 111, but that pH of sputum obtained from patients with respiratory disease may vary between 5.4 and 8.2 12, 31. The ionic strength and viscosity of the periciliary fluid is unknown.
In sputum, the sodium content varies from 101 k 27 mmo1/1000 g to 165 f 42 mmo1/1000 g [41 and the viscosity, measured in the Newtonian region, ranges from as low as 150 poises to as high as 28 OOO poises 151. These factors largely determine the physical environment and thus the physiological behaviour of cilia. The literature contains several studies on the effect of these factors on nasal cilia and on cilia of lower forms of life [5-111. However, no study of these effects on human bronchial cilia has been reported to our knowledge and therefore we undertook to examine this point.
Materials and methods
Biopsies of bronchial mucosa were obtained during routine fibre-optic bronchoscopies, performed for the diagnosis of a variety of respkatory ponditions as previously described by Dulfano and co-workers made to characterize the types of patients from whom explants were obtained, since no correlation had been found between ciliary beat frequency (CBF) and types of patients in our previous studies [ 12, 131. CBF was measured with a photoelectric system as previously described [131. For each datum point, control CBF was initially measured in GIBCO tissue culture medium 199 at 37OC. This will usually range between 11 and 18 Hz and will remain constant for at least another 2 h (Table 1) . Under these conditions the intraexplant CBF variation is less than 10% (C. K. Luk, unpublished work). Then the medium was removed with a strip of filter paper and replaced with solutions of various pH, ionic strength and viscosity and CBF was measured again at the same site after 2 h of incubation at 37OC and expressed as a percentage of the control value. Care was taken not to disturb the explant. New explants were used for each experimental datum point. Each CBF value was the average of 10 consecutive CBF measurements. Each datum point in the graphs represents the average of two or more repeated experiments on different explants.
Solutions of various pH were prepared from a stock solution of medium 199 adjusted with HCl
(1 mol/l) or NaOH (0.5 mol/l). The final pH was measured in a Beckman Expandomatic SS-2 pH meter. Changes in the viscosity and ionic strength of the adjusted solution are insignificant, since the resulting dilution is less than 2%.
For the study of ionic strength, medium 199 could not be used since decreases in ionic strength cannot be achieved without significant alterations in the concentration of its other components. To obviate that, the medium used was phosphate-buffered solution (pH 7.2 and ionic strength 0.01) [ 141. This medium was then modified by adding concentrated NaCl solution to the desired ionic strength.
The viscosity of medium 199 was modified by adding polyvinylpyrrolidone (PVP), a biologically inert material 1151, of molecular weight 10 000. The resulting viscosities were measured with an Ubbelohde viscometer (Fisher Scientific Co., Pittsburgh, PA, U.S.A.) in a 37OC water bath. This operates on the same basic principle as the Ostwald viscometer.
Results
Results of the effect of pH, ionic strength and viscosity of medium on CBF of human bronchial explants are shown in Fig. 1 .
At pH 7-9, the CBF remained constant. Between pH 6-5-7.0 and/or 9.0-9.5 the CBF did not decrease by more than 10% of control.
Ciliary activity, though, was markedly reduced or ceased when the pH of the medium was below 6.5 or above 9.5. In terms of the ionic strength, no significant changes in CBF were observed when NaCl concentration was kept between 5 g/l (80 mmol/l) and 12 g/1(200 mmol/l). However, CBF was markedly reduced when NaCl concentration was reduced below 0.5 g/l (10 mmol/l).
The viscosity of medium 199 at 37OC is 7.8 millipoises. Increases of its viscosity up to 58 millipoises by adding PVP decreased the CBF by about 10% from the control value. Thereafter, the CBF decreased more markedly and at a viscosity of 87 millipoises, the CBF dropped to 25% from the control value.
Discussion
The results obtained on the influence of pH on ciliary activity of human bronchial explants reported here were in agreement with the observation on cow tracheal cilia showing impairment at pH below 6.7-and above 9.8 with optimal ciliary activity between pH 7.0 and 9.0 [lll.
Ciliary activity of other mammals seems to be similarly affected. Ciliostasis occurs at pH 6.4 in rabbit tracheal cilia (24 h experiment), pH 5.2 for rat tracheal cilia (30 min experiment) and pH 5.8 for guinea-pig tracheal cilia (3.5 h experiment)
The variations in ciliary activity, induced by ionic strength changes, were similar to those seen by Stepper et al. on human nasal cilia [61. They reported that cilia were most active in iso-osmotic saliie [NaCl (9 g/l)l and the activity decreased as ionic strength increased or decreased from that point. This is supported by previous observations in our laboratory that nebulization of NaCl at 50 g/l or more on frog palate for 10 min will markedly slow or stop mucociliary transport (M. J. Dulfano, unpublished work). However, there is no absolute way to compare this nebulization approach with the immersion used in the current experiments.
The effects of viscosity of the medium on CBF of human bronchial cilia are generally similar to the results obtained by Stepper et al. 161 and in our earlier study on frog palate 151 indicating that increases in viscosity of the medium impair ciliary activity. However, CBF slows down by only 10% at 59 millipoises in our study compared with more than 50% as reported by
Stepper et al. [61. The reason for this discrepancy is unknown and perhaps related to the use of a different medium and/or methodology. At any rate, solutions of viscosity above 87 millipoises were not tested since the CBF drops significantly at that point.
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The experimental values obtained here do not necessarily reflect their existence in vivo. However, it seems likely that respiratory mucus and particularly its sol component are in equilibrium with the periciliary fluid. Therefore, if the pH and ionic strength of respiratory mucus deviates significantly from the experimental optimal values of this study, it might indicate pathological conditions for cilia and possible impairment in mucus transport.
